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ABSTRACT 

In the course of a weak gravitational lensing survey of 39 clusters of galaxies, covering a total sky area of 
^ 1 square degree, we have serendipitously discovered mass concentrations in the fields of A 1705 and A 1722 
which are most probably not associated with the main cluster target. By combining weak lensing information 
with two-color galaxy photometry in fields centered on our sample clusters, we identify a new cluster candidate at 
z ~ 0.5 in the field of AI705. This cluster candidate also displays strong lensing in the form of a giant luminous 
arc. The new mass concentration in the field of A1722 also seems to be associated with an optically luminous 
cluster of galaxies at z ^ 0.5, but in this case there is some evidence for additional structures along the line of sight 
that may contribute to the lensing signal. A third cluster, A959, has a dark sub-clump which shows interesting 
morphological evidence in the mass map for being associated with the main cluster. This is the first case where 
there is any significant evidence for a physical association between a dark sub-clump (discovered from weak 
lensing) and a normal cluster Analysis of archival X-ray data shows that the three new mass concentrations are 
not firmly detected in X-rays and that they are X-ray underluminous. 

Subject headings: Cosmology: observations — dark matter — gravitational lensing — Galaxies: clusters 



1. INTRODUCTION 

Weak gravitational lensing provides a powerful way to iden- 
tify cluster-sized density peaks in the Universe, independent of 
their baryonic content. Given the currently modest sky cover- 
age of optical imaging surveys with the depth and image quality 
required to detect new clusters by their weak lensing effect, the 
number of currently known mass-selected clusters is very small. 
It is still an open question whether the mass-selection will lead 
to the identification of a population of clusters which are physi- 
cally different from optically selected clusters or X-ray detected 
clusters. If a population of "baryon-poor" clusters is found to 
exist, they may be very useful laboratories for the study of dark 
matter properties. For instance, some dark matter candidates 
such as sterile neutrinos may produce an observable signature 
from their decay (Abazajian, Fuller, & Tucker 2001). The best 



places to detect such a signature would be in baryon-poor clus- 
ters - if such objects exist - where the spectral line correspond- 
ing to dark matter decay would be relatively more conspicuous 
compared to the emission produced by bremsstrahlung in the 
hot intra-cluster gas (Hansen et al. 2002). In any case, the exis- 
tence of baryon-poor clusters or sub-clusters would pose a chal- 
lenge to current models for structure formation. Furthermore, 
any previously unrecognized population of clusters with high 
mass-to-light ratios would have to be taken into account when 
using the measured average mass-to-light ratios of clusters to 
estimate the density parameter il,„. 

The present sample of weak lensing-detected clusters is small 
and contains both clusters with "normal" mass-to-light ratios 
and objects which appear to be optically dark. From weak lens- 
ing observations in the field of the cluster A 1942, Erben et al. 
(2000) find a secondary mass peak ^ 7' south of the cluster 
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center which does not correspond to any strong concentration 
of bright galaxies. From deep //-band imaging of this region, 
Gray et al. (2001) constrain the bolometric mass-to-Ught ratio 
to be M/Lbo1 > 1000/j in solar units for any reasonable lens 
redshift. Umetsu & Futamase (2000) find a dark mass con- 
centration I'J south of the high-redshift cluster CL1604H-4304 
(z = 0.90) with an estimated mass of 1.2 x IO^'^H'^Mq and 
M/Lb > 1000ft in solar units, if it is located at the redshift 
of CL1604H-4304. At present, it is not clear whether the dark 
clumps found by Erben et al. and Umetsu & Futamase are phys- 
ically associated with the nearby clusters, or whether they rep- 
resent chance alignments on the sky of objects at different red- 
shifts. Most recently, Miralles et al. (2002) have reported evi- 
dence for another dark cluster from a conspicuous alignment of 
faint galaxies in a parallel STIS pointing adjacent to the local 
Seyfert galaxy NGC 625. 

Wittman et al. (2001) report the discovery of a more "nor- 
mal" cluster in a "blank sky" field through a combination of 
weak gravitational lensing and photometric data. Their BVRI 
photometry shows a concentration of elliptical galaxies close 
to the lensing-derived mass peak corresponding to the clus- 
ter, and spectroscopic follow-up of candidate cluster mem- 
bers reveals a cluster with modest galaxy velocity dispersion 
(fTv = 615 ± 150 km s"^) at z = 0.28. The mass-to-hght ratio 
of this cluster is M/Lr = 560 ± 200ft, which is somewhat high 
compared to average values of M/Lb « 300ft obtained from 
both virial and weak lensing analyses of X-ray selected clus- 
ters (e.g., Carlberg et al. 1997; Hoekstra et al. 2002; Dahle et 
al. 2003, in prep.), but there are some X-ray selected clusters 
with similar lensing-derived M/L, such as MS 1224.7H-2007 at 
M/Lr = 640 ± 150 (Fahlman et al. 1994; Fischer 1999), and 
A68 and A697 at M/Lr = 680 ± 230ft and M/Lr = 450 ± 1 15ft, 
respectively (Dahle et al. 2003, in prep). 

In Paper I in this series (Dahle et al. 2002) we presented weak 
lensing measurements of a sample of 39 X-ray selected clus- 
ters. The results were presented in the form of maps of the 
reconstructed projected matter density (k = S/Sdit, where Scrit 
is the critical surface mass density for lensing) and in the form 
of radial mass profiles around each (lensing-determined) cluster 
center. Several mass maps show evidence for sub-peaks in the 
mass distribution which are not associated with obvious sub- 
clumping of optically luminous galaxies inside the cluster. In 
this paper, we investigate the properties of the most significant 
of these sub-peaks. We attempt to constrain the redshift and 
mass-to-Ught ratio of these systems and discuss whether they 
are likely to be physically associated with their apparent "host 
clusters". 

In §2 we describe the selection criteria for cluster candidates, 
which we describe individually in §3. In §4 we compare our 
new (sub-)cluster candidates to those found by other groups, 
and compare the observed abundances and physical properties 
of such objects to recent theoretical predictions. 

The numbers in this paper are given for an Einstein-de Sitter 
(fim = 1, JIa = 0) cosmology. The Hubble parameter is given by 
Ho = 100ftkms"^Mpc~', and all celestial coordinates are given 
inJ2000.0. 

2. IDENTIFICATION OF NEW CLUSTER CANDIDATES 

In Paper I we described a data set of weak lensing measure- 
ments of 39 clusters in the redshift range 0.15 < z < 0.35, with 
selection based on very high X-ray luminosity (Lx,o.i-2.4keV > 
10^^ erg s~^). Most of the sky coverage of this survey comes 



from imaging of fourteen clusters with the UH8K mosaic CCD 
camera at the 2.24m University of Hawaii Telescope at Mauna 
Kea Observatory, which gives a 19' field when mounted at the 
f/10 Cassegrain focus (see Paper I for a complete list of the ob- 
servations). The imaging data were reduced according to the 
"pipehne" reduction procedure for mosaic CCD data described 
by Kaiser et al. (1999), and the weak gravitational lensing 
was measured using the shear estimator introduced by Kaiser 
(2000). The reduction and analysis procedures used are de- 
scribed in detail in Paper I. 

In some of the reconstructed mass maps of the fields ob- 
served with the UH8K camera, there are secondary mass peaks 
which appear significant when compared to peaks in random- 
ized shear maps (see Figure 48 of paper I), or peaks seen in 
mass reconstructions of blank fields (see Wilson, Kaiser & Lup- 
pino 2001), but do not correspond to concentrations of early- 
type galaxies at the cluster redshift. These may be mass concen- 
trations corresponding to high-redshift clusters that only con- 
tribute weakly to the light distribution in the field, compared to 
the more nearby target clusters. At redshifts > 0.4, the early- 
type galaxies at a given redshift will be significantly bluer than 
predicted from the approximate linear V-I color-redshift rela- 
tion used in Paper I. Thus, their contribution to the prediction 
for the dimensionless surface density given for each cluster in 
Paper I will be increasingly underestimated with increasing red- 
shift. 

An even more interesting possibility is that these are opti- 
cally and/or X-ray dark clusters at intermediate redshifts (or 
dark sub-clumps physically associated with their apparent host 
clusters), i.e., mass concentrations that have much higher M/L 
values than normal clusters. 

2.1. Lensing Cluster Search 

As noted in Paper I, the 1 a level of noise in the random mass 
maps is in the range 0.035 < k < 0.05, mostly depending on 
seeing. Given the large number of fields covered by our sur- 
vey, we may expect to see maybe one or two 3(t peaks that are 
generated by random noise due to the intrinsic galaxy shapes. 
However, the reality of a mass peak at this level will become 
significantly more certain if it can be shown to be strongly cor- 
related with clustering in the visible galaxy distribution, or with 
a peak in the X-ray luminous gas. 

From the reconstructions of the dimensionless projected 
mass surface density k presented in Paper I, we select candi- 
dates for additional mass concentrations using the following 
criteria: 

• The dimensionless projected surface density k should 
be > 0.15 (corresponding to a > 3(7 detection of mass 
even in the fields with the highest noise) at the position 
of the peak. This selection criterion was applied to mass 
maps derived separately from V- and /-band imaging 
data, and to mass maps derived from a combination of 
the two, as detailed in Paper 1. We found a total of three 
mass peaks which are above the k threshold in at least 
one of the different mass maps and which also satisfy 
the other three selection criteria below. 

• The mass peak should be clearly separated (with offset 
> 1') from the mass peak that corresponds to the light 
peak/optical cluster center (or any other significant 
peak in the light distribution of galaxies belonging to 
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Fig. 1. — Left panel: The reconstructed projected mass density in tlie field of A959. The mass map is based on the KS93 inversion method, with a Gaussian 
smoothing scale of 47". The scale bar on the right runs from zero to the peak value of k. The plotted contours start at zero and are spaced at intervals of Ak = 0.017. 
Right panel: A 15.4 ksec ROSAT PSPC exposure in the 0.1 - 2.4 keV energy band, smoothed with a Gaussian of scale 13"5 (9 pixels). The 10 contour levels are 
plotted on a linear scale ranging from 1.2 x 10"^ counts/sec to 9 x 10~* counts/sec. 



a previously known cluster, as determined from their 
V -I colors). 

• Both V- and /-band photometry should be available at 
the position of the clump. Given the data set of Paper 
I, this implies that the total sky coverage of our search 
is 1.0 deg^. The dominant contribution to the sky 
coverage comes from ~ 19' wide UH8K fields, and all 
the mass peaks discussed here are located in such fields. 

• Candidates within 1' from the field edges are discarded, 
as the noise in weak lensing reconstructions are known 
to increase close to the edges. 

The hmit on the value of the mass surface density k is partly 
motivated by the study of Wilson, Kaiser & Luppino (2001), 
who present weak lensing data of similar quality to the data set 
used in this paper for 1 .5 deg^ of "blank sky". See Kaiser, Wil- 
son & Luppino (2000) and Paper I for more details about the 
characteristics of each data set. After smoothing their recon- 
structed mass maps with a 45" Gaussian filter (we use a 47" 
Gaussian filter) they do not find any pixel values above k = 0. 15. 
If the sky density of optically dark high-density mass peaks was 
found to be significantly higher in the fields of known clusters 
(e.g., the fields studied in Paper I) than in blank fields (e.g, the 
fields of Wilson et al. 2001), it would be a clear indication of 
a physical association between the dark clumps and "normal" 
clusters. 

We note that the mass maps presented in this paper differ 
slightly from the mass maps presented for the same clusters 
in Paper I. The difference is in the relative weighting of shape 
measurements of faint galaxies in the two passbands when esti- 
mating the shear. In Paper I, the mass reconstruction was based 



on shear estimates from a combined "V + /" catalog which was 
made by selecting the catalog entry from the passband in which 
the object was detected with the highest significance. The maps 
presented in this paper are generated by taking a weighted aver- 
age (where the weights are given by the "figure of merit" values 
Y^Q^/dn; see Paper I and Kaiser 2000) of this "V + /" mass 
map and the mass maps generated separately from the /-band 
and V-band catalogs. The \cr level of noise in these maps at the 
positions of the newly discovered mass peaks is k = 0.03. 

2.2. Photometric cluster search 

For the UH8K fields which have both /-band and V-band data 
covering the whole field, the nature of the lensing-derivedmass 
peaks can be investigated by looking for associated concentra- 
tions of red galaxies, corresponding to galaxy clusters up to 
z ~ 1. 

Our photometric procedures are described in Paper 1 and 
are only briefly recounted here. We used SExtractor (Bertin 
& Amouts 1996) to derive total V- and /-band magnitudes for 
galaxies in the fields, and we also measured a V- / color within 
a fixed aperture of 2."7. The reason for calculating the color 
within this smaller aperture rather than based on the total mag- 
nitudes is that the aperture magnitudes are less sensitive to con- 
tamination by other objects and to color gradients within the 
galaxies themselves and thus yield a tighter red sequence in a 
color-magnitude diagram. The magnitudes were corrected for 
Galactic extinction using the dust maps of Schlegel, Finkbeiner 
& Davis (1998), assuming an = 3.1 extinction curve. 

To identify optical cluster candidates based on our two-filter 
photometry, we used a simplified version of the cluster-red- 
sequence (CRS) method used by Gladders & Yee (2000) for 
their Red-Sequence Cluster Survey. This cluster finding algo- 
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rithm takes advantage of the fact that early-type galaxies in 
dense cluster environments form a remarkably tight, almost 
horizontal sequence in their color-magnitude diagrams, and 
these sequences are strongly homogeneous at a given redshift 
(e.g., Smail et al. 1998; Gladders & Yee 2000 and references 
therein). Also, at redshifts z < 1 the early-type galaxies that 
form the red cluster sequence will have a redder V -I color 
than any other normal galaxies at redshifts equal to, or lower 
than, the redshift of the cluster 

The basic idea behind the CRS method is to create a series of 
smoothed maps of the galaxy density in the field by selecting 
galaxies in a series of partially overlapping slices in the color- 
magnitude diagram. Gladders & Yee (2000) used color slices 
defined by theoretical predictions of the red sequence, but we 
choose here to neglect the slope of the red sequence and use a 
series of horizontal slices evenly spaced in V-/. Both theoreti- 
cal predictions from population synthesis models and empirical 
results based on our data set show the absolute value of the 
red-sequence slope to be less than 0. 1 per /-magnitude. Given 
the relatively narrow magnitude range (particularly at high red- 
shifts) of cluster galaxies contributing to a given slice, and the 
fact that our color slices are approximately twice as wide as 
those used by Gladders & Yee (2000), the effect of the slope 
will not significantly influence our ability to detect cluster can- 
didates with this algorithm. However, it would probably bias 
redshift estimates of cluster candidates, but only at levels com- 
parable to the systematic uncertainty introduced by the pho- 
tometric calibration of the UH8K mosaic camera (we note that 
the photometric stability of the CCD chips in the UH8K is ques- 
tionable at the < 0.1 magnitude level). 

For each slice, we include all galaxies at / < 23 that have 
a probability higher than 10% of really belonging to that slice 
when taking the photometric uncertainties into account. The 
width of the slices was A(y-/) = 0.3 at bright magnitudes and 
slightly larger at faint magnitudes due to the increasing photo- 
metric uncertainties. This is about twice the measured intrinsic 
width of the red sequence (Stanford, Eisenhardt, & Dickinson 
1998). 

Rather than using a more elaborate galaxy weighting scheme 
such as the one outlined by Gladders & Yee (2000), we chose a 
simple faint galaxy cutoff at / = 23. Also, to generate smoothed 
galaxy number density plots comparable to the weak lensing- 
derived mass maps, we employed a Gaussian smoothing kernel 
of fixed scale 47" rather than a kernel tailored to fit the ex- 
pected cluster density profile at a given redshift. The primary 
purpose of generating these plots is to search for galaxy den- 
sity enhancements at the position of the lensing-detected cluster 
candidates. 

2.3. Lensing masses and mass-to-light ratios 

For each (sub-)cluster candidate, the (minimum) mass and 
the mass-to-light ratio were estimated within an aperture cen- 
tered on the corresponding peak found in the n map (see Ta- 
ble[2l. A lower Umit on the aperture mass was found using the 
aperture densitometry statistic Q of Kaiser et al. (1994): 

2 r'^'- 

Q{RuR2) = n{R,)--K{R,,R2)= {lT)d\nr, (1) 

1-^1/^2 JRi 

which measures the average surface mass density within an 
aperture radius R.^^ = R\ minus the average surface mass den- 
sity in a surrounding annulus R\ < R < R2 (here, 77- is the tan- 
gential component of the shear). Hence, a lower hmit on the 



aperture mass can be simply calculated as Map = Trr^CEcrit- We 
chose R2 = 2R\, and our estimate of Map will in this case e.g., 
underestimate the true aperture mass by 33% for an isothermal 
sphere (S oc /?"') mass distribution. 

In order to minimize the bias caused by the presence of a 
more massive cluster in each field we chose to use an outer ra- 
dius R2 much smaller than the R2 values used for the aperture 
mass measurements presented in Paper I. For this reason, R2 
was chosen to be less than half the angular separation between 
the new cluster candidate and the Abell cluster. For this ge- 
ometry, we find from simple simulations that the aperture mass 
measurement is affected by < 1 % , provided that the mass of 
the Abell cluster is not more than twice that of the new cluster 
candidate. In the case of the A959 and A1705 fields, we used 
a control annulus with R2 = 2' and inner radius R\ = 1'. The 
cluster candidate in the A 1722 field had a somewhat larger sep- 
aration from its host cluster, and it was therefore possible to use 
a larger aperture with R2 = 4' and R\ =2'. By defining an aper- 
ture measurement of the surface light density C,l in a manner 
similar to equation Q (i.e., generating an aperture luminosity 
estimate by subtracting the average galaxy luminosity density 
in the annulus R\ < R < R2 from the average galaxy luminos- 
ity density at R < R\), the mass-to-light ratio of the mass peak 
can be estimated. Thus, in contrast to Map, this ratio will not be 
systematically underestimated. 

2.4. Hot gas content 

In X-ray luminous clusters of galaxies, such as those in the 
cluster sample of Paper I, most of the baryonic mass is in the 
form of hot. X-ray emitting gas (e.g., Ettori & Fabian 1999). In 
order to constrain the hot gas content of the (sub-)cluster candi- 
dates we analyzed the best quality archive X-ray data (standard 
screened EINSTEIN IPC, ROSAT PSPC and ASCA SIS data, 
respectively) for these candidates. No obvious X-ray emission 
is associated with any of the (sub-)cluster candidates so we de- 
termine upper limits for their X-ray luminosity as described be- 
low. 

An upper limit for the (sub-)cluster X-ray count rate is ex- 
tracted within two apertures: The aperture as determined from 
the weak lensing maps (/?ap) and the radius within which the 
average (sub-)cluster mass density is 500 times the critical den- 
sity of the Universe (rgoo). Special care is taken in estimating 
the background. 

For EINSTEIN IPC data (A1705) and ROSAT PSPC data 
(A959) the background is estimated from the data set including 
the new mass concentration itself. The background is calculated 
as the average of three source-free regions of the same size as 
the (sub-)cluster region, and at the same optical axis distance. 

For ASCA SIS data (A1722) the background count rate is 
evaluated from the publically available "blank sky" data in a 
two stage process: A first background estimate is obtained us- 
ing exactly the same region on the SIS chip as the (sub-)cluster 
region. Then, the general background level in the "blank sky" 
data is compared to the general background level in the (sub- 
)cluster data by calculating the average count rate within three 
regions of the same size as the region of interest, at the same 
optical axis distance and devoid of obvious X-ray sources. The 
inital background estimate is then corrected for the average dif- 
ference in background level between the "blank sky" data and 
the (sub-)cluster data. Finally, data from the SISO detector and 
the SIS 1 detector are merged into one common SIS data set. 

For each (sub-)cluster, we derive net count rates (corrected 



Weak Lensing by X-ray Luminous Clusters - III. 



5 



Un , H - -HH 



I M ^ •<-*■ c -I Jl ; H -Ts 














































m 










m 










o 


v 

-4 






n 




I.I 


1 I- 


li 1 


1 ■ 






■ri,,.r.' I .'.l- \ it' 'viU- tfjr I V%\ \ I J ^t|. It ,» ,\,.\ .1, 1,1. \ ,1,1,1 — I — 1— i^J — lJ. h I I — I — I — I jly.l ,1, -I'VI- ,11 -.1 ,1, J 



.l-TD «-l Sim ,14 ^'Jfit' 

























J 


ib 
















I 


1 




















1 1 



















) — 




































































1 «; 


1 







1^ 














F 




n 


































i 










-1 




,<i'-'t^- 


■ 1 . 


L 1 


L. 

























— c 






















I" 




^ - 




C 


V 






■ I 




1 I 


■ I 



























)■■ 
















































9 '■ 


■ 1 


■ 1 


1 f 




r 1 i' 
1 ■ 



















1 












































1 


1 I 


1 ' 




1 





.■p 



5N 




4 

















— e 






Li 


































3=i- 














: 


■ 






































J 




















! \ J 












r / 
















(J 











ijftj^jfl 

Fig. 2. — The surface number density distribution of / < 23.0 galaxies in various V -1 color intervals in the field of A959. Shown above each plot is the color 
interval and the number of galaxies in that interval. The plots have been smoothed with a Gaussian of scale 47" to yield a resolution similar to the mass map. The 
average level has been set to zero, and the contour levels are plotted at 1,2,3,... times the rms fluctuation in field galaxy density in the given color interval. The lack 
of galaxies in the upper left (northeastern) part of the field is an effect of the missing data from chip 4 in the UH8K mosaic. 
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for point source contributions) within the two apertures and 
convert these to 0.1 - 2.4 keV fluxes using PIMMS and an ab- 
sorbed Raymond-Smith spectral model with the following pa- 
rameters: Abundance is Z = Q.25Zq, absorption by neutral hy- 
drogen is fixed at the Galactic value (from Dickey and Lockman 
1990), and for each (sub-)cluster the temperature is fixed at the 
value derived from the weak lensing mass within rsoo using the 
mass-temperature relation of Finoguenov et al. (2001). 

Assuming the redshift of the (sub-)cluster given in Table ^ 
based on optical data, the flux is converted to a luminosity for 
the desired cosmology. In order to determine the X-ray lumi- 
nosity of the (sub-)clusters relative to a sample of nearby "stan- 
dard" clusters, the upper limit on the 0.1 - 2.4 keV luminosity 
within rsoo was compared to the expected value based on the 
lensing mass within rsoo and the mass-luminosity relation of 
Reiprich & Bohringer (2002) (best bisector fit). 



KS93 r(r) PECOHSTRUCTION 



3. CANDIDATE MASS CONCENTRATIONS 



The selection criteria outlined in § 12.11 produced three new 
cluster candidates, in the fields of A959, A1705 and A1722. To 
make the following discussion clearer and more concise, we in- 
troduce the naming convention "WL HHMM.M(h-/-)DDMM" 
for these objects, where "WL" denotes a weak lensing-detected 
mass concentration and is followed by numbers that are based 
on the celestial coordinates of the objects (for epoch J2000.0), 
where the right ascension is given in units of hours and min- 
utes (with one decimal) and the declination is given in units 
of degrees and arcminutes. For each candidate, we analyze its 
optical and lensing properties based on the data presented in 
Paper I along with X-ray data to search for emission from any 
associated hot gas. Table^summarizes the most important pa- 
rameters for each cluster candidate. 



3.1. The A959 Field 

From spectroscopic observations at the WHT, we have deter- 
mined a redshift z = 0.286 for this cluster (Irgens et al. 2002), 
significantly lower than the value usually quoted in the litera- 
ture iz = 0.353). After properly revising its X-ray luminosity 
and temperature, it is found to have Lx.o.i-2.4keV = 1.43 x 10"*^ 
erg s"^ (Bohringer et al. 2000) and T = 6.6 keV (Mushotzsky & 
Scharf 1997). A singular isothermal sphere (SlS)-model fit to 
the tangential shear measured out to a radius of ^ 1.5/i~'Mpc 
shows that the cluster has a mass corresponding to a velocity 
dispersion a = 990;!;j'[okm s"'. The fit to a SlS-model is how- 
ever not very good, and weak lensing mass measurements at 
large radii indicate that this cluster is very massive, with a pro- 
jected 2D aperture mass Map« 1.5/!-'Mpc) - 2 X lO'^M© (see 
Paper 1). 




Rft [J2000] 



Fig. 3. — The reconstructed projected mass density in the field of A1705. 
The mass map is based on the KS93 inversion method, with a Gaussian 
smoothing scale of 47". The scale bar on the light runs from zero to the 
peak value of k. The plotted contours start at zero and are spaced at intervals 
of Ak = 0.020. 

Optically, the cluster center is not dominated by any single 
galaxy, but it has a core region consisting of many early-type 
galaxies of similar brightnesses. A highly significant mass peak 
(with some evidence for substructure) is seen in the weak lens- 
ing mass map (see Figure 0, and the dark matter distribution 
appears to resemble the cluster light distribution, as apparent 
in the first four panels of Figure |2 However, there is a dark 
matter concentration, hereafter denoted as WL 1017.3-1-5931, 
^ 6' southwest of the cluster center which does not correspond 
to any peak in the luminosity distribution. Its peak value'* is 
K = 0.143. 

Due to the very low background, flie ROSAT PSPC 15.4 ksec 
exposure yields the tightest current constraints on diffuse X- 
ray emission from WL 1017.3-1-5931. In Figure^ a couple of 
X-ray sources are seen close to WL 1017.3-1-5931. Archival 
ROSAT HRl images show that sources "C" and "D" are ex- 
tended sources while source "A" is a point source and source 
"B" consists of two point sources on top of some extended 
emission. This extended X-ray emission is possibly linking WL 
1017.3-1-5931 to the main cluster of A959. The mass morphol- 
ogy of WL 1017.3-1-593 1 provides clearer evidence for this link, 
since there appears to be a bridge of matter extending from the 
A959 cluster center towai'd WL 1017.3H-5931, and the peak it- 
self appears highly elongated in the direction toward the cen- 
ter of A959. Even at the lowest "saddle point" in the apparent 
mass bridge between A959 and WL 1017.3-1-593 1, the projected 
mass density is still as high as k = 0.122, which is 85% of the 
peak value at the location of WL 1017.3-1-5931. Simulations 
of the region between two cluster mass peaks with a Gaussian 
smoothing scale equal to that of the real mass map and with 



As noted in § 12.11 the mass maps used for the selection of mass peaks were different from those displayed in this paper The reason for not using the new maps 
presented here (and lowering the selection threshold from /t = 0.15 to 0.14, which would have selected exactly the same three objects!) is that the noise is more clearly 
defined in the old maps. While the new maps have lower noise, this is not achieved by increasing the available sample of background galaxies, but instead by in effect 
taking a weighted average of the shape measurements of these galaxies in the two passbands. Hence, the photon counting noise for the shape measurements of faint 
galaxies is somewhat reduced, while the noise due to the finite number density of background galaxies does not change. 
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Fig. 4. — The surface number density distribution of I < 23.0 galaxies in various V—I color intervals in the field of A1705. See the caption of Fig.|2|for details. 
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Table 1 

Properties of the weak lensing-detected mass concentrations 



Name 


a 


S 


Redshift 




Map 


M/Lb 








(J2000.0) 


(J2000.0) 


Zest 


kpc) 


(lO'^/i-iMo) 


(h[M/LB]Q) 


(kms-i) 


lO^'^ergs-i) 


WL 1017.3+5931 


10 17 15 


59 30 46 


0.286? 


161 


1.1±0.3 


>500 




< 0.008 ±0.006 


WL 1312.5+7252 


13 12 31 


72 51 32 


0.55 


222 


2.7 ±0.8 


173 ±54 




< 0.09 ±0.03 


WL 1320.4+6959 


13 20 22 


69 58 43 


0.45 


409 


4.8 ±1.9 


296 ±118 


940!!^" 


< 0.20 ±0.1 



Note. — Units of right ascension are hours, minutes and seconds, and units of declination are degrees, arcminutes, and arcseconds. The X-ray luminosity is given 
in the 0.1-2.4 keV band, and the uncertainty arises from poisson noise as well as point source subtraction. The values are given for an Einstein-de Sitter Universe. The 
source redshifts adopted for the Map estimates are based on photometric redshift data from the Hubble Deep Field (see Eq. 17 of Paper I), and correspond to having a 
single-screen source population at an effective redshift of Zs = 0.7, Zs = 0.9, and Zs = 0.8 for WL 1017.3+5931, WL 1312.5+7252, and WL 1320.4+6959, respectively 



random realizations of realistic noise indicate that this feature 
is (marginally) significant, at almost the la level. Although the 
reality of this feature is currently debatable, the apparent mass 
bridge and the ellipticity of WL 1017.3+5931 probably con- 
stitute the only significant evidence so far for a physical link 
between a dark sub-clump found by weak lensing in a cluster 
field and its apparent host cluster. 

No strong galaxy overdensities are seen at the position of 
WL 1017.3+5931 for any of the color slices plotted in Figure|2] 
The lower limit value for M /Lb in Table^is based on an aper- 
ture light estimate using galaxies in the 2.0 <V -I < 4.0 color 
range. These are all redder than the A959 cluster galaxies (the 
red cluster sequence has V- / ~ 1.7). If we instead consider 
galaxies in the color range of the red cluster sequence of A959, 
we find that the luminosity density in the control annulus at 
1' < < 2' is higher than the luminosity density within 1', 
implying that there is no overdensity of light associated with 
A959 cluster galaxies at the location of WL 1017.3+5931. Two 
of the brightest galaxies in the field (/ ~ 16.5) are visible 2' 
from the center of WL 1017.3+5931, but these are likely to be 
foreground ellipticals (V- / ~ 1.3), and no significant galaxy 
clustering is seen around these two galaxies. The estimated ve- 
locity dispersion of WL 1017.3+5931 listed in Table[2comes 
from a SIS-model fit to the tangential weak shear averaged in 
radial bins centered on the dark clump. If WL 1017.3+5931 
is at the A959 main cluster redshift, within a radius of rsoo it 
is a factor three X-ray under-luminous relative to the expecta- 
tion from the mass-X-ray luminosity relation of Reiprich and 
Bohringer (2002). However, given the scatter in the mass- 
luminosity relation of an order of magnitude, even though WL 
1017.3+5931 is relatively X-ray dark it is still consistent with 
the relation. Chandra or XMM-Newton observations are re- 
quired to pin down the X-ray emission of WL 1017.3+5931 
and accurately constrain the hot gas content, ie. if it is really 
X-ray dark. 

In general, there is very good morphological agreement be- 
tween the mass map and hot gas as mapped by ROSAT PSPC: 
The mass extension towards the northeast has a clear X-ray 
counterpart, and at the position of the extended X-ray source 
"D" a mass concentration is seen. This feature also corre- 
sponds to an overdensity of galaxies (most prominent in the 
1.6<y-/< 1.9 color slice in Figure |2ji with colors similar 
to, or slightly redder than, the early-type galaxies in the core of 
A959. The general southeast-northwest elongation of the A959 



cluster galaxy distribution is matched in X-rays. 

We also note that there are several concentrations of red 
(2.0 <V -I < 3.0) galaxies in the field, most clearly visible 
in the lower three panels of Figure|2] One of these is only ~ 1' 
north of the A959 cluster center (see the 2.65 < V- / < 2.95 
color slice in Figure |5J and may contribute to the substructure 
seen in the mass peak of A959. 



3.2. The A1705 Field 

Optical images show that the cluster center of A 1705 is dom- 
inated by a single cD galaxy. The k reconstruction of this field 
(see Figure |3} shows a number of secondary peaks in addition 
to the most significant mass peak, which is associated with the 
center of A 1705. The position given for A 1705 by Abell (1958) 
is 5' off from what we take to be the cluster center, based on the 
peaks in the mass, light and galaxy number density distribu- 
tions, while the Zwicky cluster Zw 1312.1+7311 is more con- 
sistent with the position we determine for the A 1705 cluster 
center (at a = 13''13'".0, (5 = 72°55'). The color slicing in Fig- 
urel^shows several interesting effects: Firstly, the morphology- 
density relation manifests itself in the effect that the density 
peak associated with A 1705 appears more concentrated as one 
moves to progressively redder color intervals (which contain 
the most evolved early-type cluster galaxies). This effect is also 
apparent in the similar plots for A959 and A1722. Secondly, the 
density peak of A 1705 in Figure |3 shows a significant shift in 
the centroid position as a function of color. The galaxy number 
density peak is seen to move closer to the position of the mass 
peak for redder color intervals, and this again demonstrates that 
the galaxies with the most evolved stellar populations are con- 
centrated in the densest environments. The centroid shift may 
indicate that A1705 is dynamically young. A secondary mass 
peak situated about 4' toward the northeast from the main peak 
appears to be associated with galaxies at the cluster redshift (the 
first five panels of Figurel^appear to show an extension toward 
northeast from the main galaxy overdensity peak associated 
with A1705). Close to this secondary mass peak, and possibly 
contributing to it, is the z = 0.112 IRAS galaxy F13121+7315 
(at a = 13*'13'"32.0\(5 = 72°59'11"), associated with the AGN 
X-ray source RX J1313.5+7259. 
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comparatively bright arc magnitude places WL 1312.5+7252 
among the very small number of clusters at z > 0.5 that are 
known to produce strongly lensed arcs that are sufficiently 
bright for spectroscopic studies. The only other such examples 
known to us are CL2236-04 (Melnick et al. 1993) and RCS 
0224-0002 (Gladders, Yee, & Ellingson 2002). 

If this arc is indeed a strongly lensed galaxy, the separation 
between the arc and the giant elliptical galaxy can be used to 
make a rough estimate of the mass of WL 1312.5+7252. 



.1- *! 



a • 

• 



* . * 



Fig. 5.— The reddest galaxies {V-I > 2.2) in the field of Abell 1705. The 
area of the circles is proportional to the /-band flux. The legend in the upper 
left comer indicates the flux and color (assuming no evolution of the SED) 
of an L* EO galaxy at a given redshift. The apparent lack of galaxies around 
a = 13''13"'30' , 5 = 72°48' is an artifact caused by a V = 7 star at this position. 
The square region denoted by the dotted lines indicates the region shown in 

Fig.m 

The two lowest rows of the galaxy number density plots in 
Figure 0] shows a strong peak southwest of the location of the 
main cluster center This is a galaxy concentration at a redshift 
well beyond A 1705. Figure |5] also shows this strong overden- 
sity in the distribution of the reddest (V -I > 2.2) galaxies in 
the field. A strong concentration of galaxies with similar col- 
ors is centered on what appears to be a distant giant elliptical 
galaxy located at a = 13^12'"31.P,(5 = 72°50'54". A peak in 
the mass distribution, which we have named WL 1312.5+7252, 
is situated less than 1' away from this galaxy. Its peak value is 
K = 0.143. A rough cluster redshift estimate can be derived for 
this peak from the median color (V-I = 2.45) of the early-type 
cluster galaxy sequence seen in a color-magnitude diagram. Us- 
ing our empirically calibrated color-redshift relation for early- 
type cluster galaxies (see Figure 47 of Paper I), we estimate 
the redshift of the cluster associated with WL 1312.5+7252 to 
be z = 0.55 ± 0.05. This may be a slight underestimate of the 
true redshift, since cluster ellipticals at z > 0.5 are less evolved 
and intrinsically slightly bluer than their counterparts at lower 
redshifts (Lubin 1996). 

A curved blue object, apparently a gravitationally lensed arc, 
is situated at a = 13M2"'32.6%(5 = 72°50'55", 7" east of the 
distant giant elliptical galaxy (see Figure |6}. This arc is quite 
bright (at / = 20.90, V = 21.39), and it is worth noting that the 



Fig. 6. — A blue arc curving around the central galaxy of the z = 0.55 cluster 
candidate WL 1312.5+7252 in the field of Abell 1705. North is up; east to the 
left and the FOV is 2' X 2'. This area is marked by the dotted lines in Fig.lsl 

Assuming a SIS-type mass distribution centered on a gi- 
ant elliptical galaxy at redshift zi = 0.6, and assuming that the 
lensed arc is situated at the Einstein radius 9 e, we estimate a 
velocity dispersion (Tare = c {9eWs) / (A-irwis) — 900km s"' for 
Zj = 1 and (Tare — 700km s"' for Zj = 2. The numbers above are 
calculated for the case of an Einstein - de Sitter Universe, where 
w= l-(l+z)~'''^. The estimated velocity dispersion of 1 150km 
s"' forWL 1312.5+7252 (see Tabled comes from a SIS-model 
fit to the tangential weak shear averaged in radial bins centered 
on the mass peak. This high value and the high aperture mass 
value Map provides evidence for a relatively low arc redshift. 
The mass-to-light ratio listed in Table^is measured within R^p 
and is based on galaxies in the color range 2.0 < V -I < 2.8. 
The lower limit of this color interval was chosen to avoid fore- 
ground galaxies associated with A1705, and the upper limit 
was chosen to avoid background galaxies that are significantly 
redder than the red sequence of WL 1312.5+7252. The M/Lb 
value is consistent with a normal luminous cluster, and assum- 
ing a redshift-dependence Lfi oc (z+ 1) for the luminosity evolu- 
tion, the present-day value would be M /Lb = (268 ± 84)/i. 

The only pointed X-ray observation of WL 1312.5+7252 is 
a 3.8 ksec EINSTEIN IPC exposure. In the IPC image there is 
diffuse emission from the main A 1705 cluster extending in the 
direction of WL 1312.5+7252. Also, there is a hint of diffuse 
emission extending towards the mass structure southeast of the 
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main cluster. The bright X-ray point source, RX J1313. 5+7259, 
located northeast of the main cluster masks any signs of diffuse 
emission that might be associated with the feature in the mass 
map in this direction. 

KS93 /c(r) RECONSTRUCTION 




RA [J2000] 

Fig. 7. — The reconstructed projected mass density in tlie field of A1722. 
Ttie mass map is based on the KS93 inversion method, with a Gaussian 
smoothing scale of 47". The scale bar on the right runs from zero to the 
peak value of /t. The plotted contours start at zero and are spaced at intervals 
of Ak = 0.017. 

If WL 1312.5+7252 is at a redshift of z = 0.55, within a ra- 
dius of rsoo it is at least a factor three X-ray under-luminous 
relative to the expectation from the mass-X-ray luminosity rela- 
tion of Reiprich and Bohringer (2002). Again, given the scatter 
in the mass-luminosity relation of an order of magnitude, WL 
1312.5+7252 could be a rather normal cluster by X-ray stan- 
dards. 

In conclusion, information from galaxy photometry, (proba- 
ble) strong lensing and weak lensing all indicate the presence 
of a new massive, high-redshift cluster in the field of A 1705. 
Although the cluster is not detected in existing X-ray data, the 
X-ray constraints on the cluster are consistent with the expected 
cluster X-ray luminosity, but places the cluster at the faint end 
of the observed distribution of X-ray luminosities for the given 
mass. It would of course be of great interest to accurately mea- 
sure the redshift of this cluster, and of the arc, to obtain definite 
confirmation of the lensed nature of the arc and to increase the 
accuracy of mass estimates of WL 1312.5+7252 from strong 
and weak lensing. Furthermore, Chandra or XMM-Newton ob- 
servations are crucial to determine the hot gas content of the 
cluster and to independently map the mass distribution. 

3.3. The A1722 Field 

The cluster center of A 1722 is dominated by a single cD 
galaxy. A 17" long, thin blue gravitationally lensed arc is 
visible 18" southwest of the cD. As shown in the mass map 
(FigureQ, there is a second peak in the mass distribution, WL 
1320.4+6959, which is almost as significant as the mass peak 
corresponding to A1722 (its peak value is k = 0.166). Figure|S] 
shows the distribution of red (V- / > 2.2) galaxies in the field. 
A concentration of galaxies is seen close to the position of WL 



1320.4+6959, but with a larger spread in galaxy colors than the 
WL 1312.5+7252 cluster in the field of A 1705. There appears 
to be a general overdensity of red galaxies in the southern part 
of the A 1722 field, and there are several galaxy concentrations 
along a filamentary structure running along the southern part of 
the field. The same general appearance is evident in the panels 
corresponding to V-I > 2.0 in Figure|9] 

The apparent early-type galaxy sequence associated with the 
galaxy concentration around WL 1320.4+6959 is less well- 
defined than for WL 1312.5+7252, but there appears to be a 
concentration of galaxies with colors around V-I = 2.25, cor- 
responding to an estimated redshift of z = 0.45 ± 0.05. A cor- 
responding strong density peak is seen for galaxies in the range 
1.9<y-/<2.5in Figure |9] As shown in Figure^] there is 
an offset of ^ 1' between this galaxy density peak and the 
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Fig. 8.— The reddest galaxies {V-I > 2.2) in the field of Abell 1722. The 
ai'ea of the circles is proportional to the /-band flux. The legend in the upper 
left corner indicates the flux and color (assuming no evolution of the SED) of 
an L, EG galaxy at a given redshift. The rectangular region denoted by the 
dotted lines indicates the region shown in Fig.|9] The lack of data in the lower 
left (southeastern) corner of the image is caused by obscuration by the guide 
probe when obtaining the /-band data for this field. 

WL 1312.5+7252 mass peak. A red galaxy with an extended 
envelope is located within the innermost contour of the galaxy 
density peak, and appears to be the central galaxy of the cluster. 
The two last panels of Figure |5] show a moderate number den- 
sity peak of very red (2.65 < V-/ < 3.1) galaxies located even 
closer to theWL 1320.4+6959 mass peak. A color of V -7 = 2.9 
places the galaxies in this peak at z ^ 1 or higher, but any cluster 
at this redshift would have to be unrealistically massive to pro- 
duce the observed weak lensing signal, since most of the source 
galaxies used in the lensing analysis are situated at lower red- 
shifts. We therefore believe that the clustering of galaxies at 
Z ^ 0.45 is chiefly responsible for producing the peak in pro- 
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jected mass density distribution. The first five panels in Figure|9] 
(1.15 < V-I < 2.05) also show moderate galaxy density peaks 
close to WL 1320.4+6959. Thus, it is possible that a projec- 
tion of multiple structures along the line of sight, some of them 
possibly associated with A 1722, are contributing to the WL 
1320.4+6959 mass peak. Alternatively, we may just be seeing 
galaxies of different colors and morphological types at a sin- 
gle redshift. In this case, the significant scatter seen in the red 
cluster sequence suggests that the cluster is less dense and has 
a larger fraction of late-type galaxies than WL 1312.5+7252, 
which would be expected for a cluster which is still forming. 
Spectroscopic determinations of galaxy redshifts in the area of 
WL 1320.4+6959 would be required to conclusively distinguish 
between these two scenarios. 

From an ASCA SIS 66 ksec exposure, the upper limit on the 
X-ray luminosity from WL 1320.4+6959 is a factor two below 
the expectation from the mass-luminosity relation of Reiprich 
& Bohringer (2002). However, the upper limit on the X-ray lu- 
minosity is uncertain by a factor two due to the uncertain sub- 
traction of X-ray emission from the main cluster and a bright 
point source (seen in an archival 27 ksec ROS AT HRI exposure) 
southwest of the main cluster Although WL 1320.4+6959 is 
X-ray underluminous, existing X-ray data are consistent with a 
cluster at redshift of z ~ 0.45. 

The mass-to-light ratio listed in Tabled is measured within 
/?ap and is based on galaxies in the color range 2.0 < V-/ < 2.6. 
The lower limit of this color interval was chosen to avoid fore- 
ground galaxies associated with A 1722 (see Figure and 
the upper limit was chosen to avoid background galaxies that 
are significantly redder than the apparent red sequence asso- 
ciated with WL 1320.4+6959. The M/Lb value is consistent 
with a normal luminous cluster, and assuming Lg (x (z+l) lu- 
minosity evolution, the present-day value would be M /Lb = 
(429 ±171)/!. 

4. DISCUSSION 

Using weak gravitational lensing data, we have in the pre- 
vious paragraphs identified three prominent (projected) mass 
concentrations representing new galaxy cluster (or sub-cluster) 
candidates. We use two-color, V- and /-band photometry to in- 
vestigate the nature of these structures and make rough redshift 
estimates. 

The first mass concentration, WL 1017.3+5931, is the most 
enigmatic of these objects. The morphology of the mass peak 
and the associated X-ray emission suggest a possible associ- 
ation with the nearby z = 0.29 cluster A959, but we find no 
overdensity of early-type cluster galaxies at the location of WL 
1017.3+5931. There is also no strong evidence for clustering 
of galaxies at any other redshift at this position. This object 
remains a good candidate for an optically "dark" (sub-)cluster 
The upper limit on the X-ray luminosity leaves the possibility 
that it is an X-ray (underluminous) cluster at or beyond the red- 
shift of A959. Deep X-ray data of this system woulde be par- 
ticularly interesting in order to accurately measure its hot gas 
content. 

The second mass concentration, WL 1312.5+7252, appears 
to be associated with a rich cluster ?Az^ 0.55 which also acts 
as a strong lens. This structure is associated with a prominent 
overdensity of red galaxies and has a prominent red galaxy se- 
quence. Thus, it is likely to constitute a single strong physi- 
cal overdensity of dark matter and galaxies, rather than being 
caused by a line-of-sight projection of lesser structures. Its 
M/Lb value is similar to the typical values of clusters selected 



from baryonic tracers. The conservative upper limit on the X- 
ray luminosity of WL 1312.5+7252 is consistent with a clus- 
ter at z 0.55 with the mass determined from weak lensing. 
However, WL 1312.5+7252 could well be an X-ray dark mass 
concentration, containing only a small amount of hot gas. 

The third mass concentration, WL 1320.4+6959, is associ- 
ated with an overdensity of galaxies at an estimated redshift of 
z ^ 0.45, but these galaxies show a larger spread in V- / color 
than the galaxies in the WL 1312.5+7252cluster. However, the 
upper limit on its X-ray emission does not allow us to rule out 
that WL 1320.4+6959 is a single cluster at z ~ 0.45 which is 
X-ray underluminous and possibly X-ray dark. It is thus un- 
clear whether this density peak represents a chance superpo- 
sition of objects at different redshifts or whether it represents 
a single cluster at z ^ 0.45 which is still forming and is not 
yet virialized. Weinberg & Kamionkowski (2002) estimate the 
abundances of non-virialized. X-ray underluminous protoclus- 
ters that will be detectable in weak lensing surveys, and they 
find that such systems are likely to be detected in surveys com- 
parable to ours. The M/Lg value we find is typical for a normal 
optically luminous cluster 

At this point we may speculate whether it is significant that 
we find three mass concentrations with k > 0.15 based on 1.0 
deg^ of imaging of fields containing massive clusters, while 
Wilson et al. (2001) find no such objects from similar data 
(1.5 deg2 of imaging) of blank fields. We also recall that the 
two optically dark mass concentrations previously discovered 
by Erben et al. (2000) and Umetsu & Futamase (2000) were 
both found in the fields of massive clusters. In the case of 
WL 1312.5+7252 we are seeing a mass concentration which 
is clearly physically unrelated to the nearby Abell cluster. For 
WL 1320.4+6959 it is hard to draw an equally firm conclusion, 
since, as noted in § 13.31 there may be a significant contribution 
to the projected mass density from structures at the redshift of 
A1722. 

The photometric data for WL 1017.3+5931 do not provide 
any strong evidence for an association with nearby A959, but 
the morphology of the mass peak does suggest a possible phys- 
ical link between the two objects. In a recent study. White, 
van Waerbeke & Mackey (2002) show that significant peaks 
in the projected density distribution, resembling clusters with 
virial masses of 10''*-3 x 10''*/;~'Mq may be generated by 
line-of-sight projections of multiple correlated structures with 
M < IO'^/i-'Mq. It is possible that WL 1017.3+5931 is such 
an object, generated by a superposition of ^ 10'-'/!~'Mq ha- 
los within the overdensity associated with A959. This scenario 
would naturally explain the low X-ray luminosity, but does not 
predict an unusually high M/Lb value or the lack of an associ- 
ated peak in the galaxy density distribution. 

Clearer answers to the nature of weak lensing-detected mass 
concentrations may come soon from systematic cluster searches 
in the deep wide-field imaging data sets currently used for mea- 
surements of "cosmic shear". The sky area collectively probed 
by such surveys to similar depth is now at least an order of 
magnitude larger than the sky area we study here (see e.g., van 
Waerbeke et al. 2001). 

Our results also demonstrate the usefulness of multi-color 
photometry and color slicing techniques when interpreting re- 
sults from weak lensing cluster searches. At redshifts z ^ 0.5 
and higher, even rich clusters do not represent strong galaxy 
density enhancements in single-passband imaging data. In the 
case of WL 1320.4+6959, an optical counterpart to the mass 
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Fig. 9. — The surface number density distribution of / < 23.0 galaxies in various V—I color intervals in the field of A1722. See the caption of Fig.|2|for details. 



Weak Lensing by X-ray Luminous Clusters - III. 
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Fig. 10. — The plots show a 225" X 150" region around the WL 1320.4+6959 mass peak in the field of A1722. Top: "True color" image based on 4.5h of 
integration in the V-band and 4h of integration in the /-band. Bottom: Solid lines show contours of the projected mass density k indicating the WL 1320.4+6959 
mass peak. Contour levels start at k = 0.1 and are plotted at intervals of 0.02 in k. The dashed lines are contours of the smoothed galaxy density distribution in the 
2.2 <V-I < 2.5 subpanel in Figure|3 
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concentration could not be identified before data in a second 
passband had been obtained. It is also clear that X-ray data 
from either Chandra or XMM-Newton are required in order to 
detect or tightly constrain the hot gas content of the detected 
(sub-)clusters. 

The methodology for cluster searches may be further refined 
in the future by developing a more objective and quantitative 
search algorithm that combines weak gravitational lensing in- 
formation with e.g, the cluster-red-sequence method of Glad- 
ders & Yee and/or X-ray data. The X-ray data would be partic- 
ularly useful for separating line-of-sight superpositions of less 
massive objects (which would be a significant source of noise 
and bias for both optical and weak lensing data; see e.g., Hoek- 
stra 2001 ; White et al. 2002) from genuine deep potential wells. 
This would greatly improve the power of such surveys to con- 
strain cosmological models. 
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